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Observations of the rotational spectrum of BrO have been extended to include vibrational levels=aBtim the X,°I1;,,
andv = 7 in theX,’I1,,, states. The rotational spectra of isotopically enriched@rX,, v = 0, 1 andX,, v = 0 have been
observed as well. The spectra of all four isotopic species have been fit to a Hamiltonian in which the parameters have fixed
isotopic ratios. An extensive set of isotopically independent parameters has been determined. Interatomic potentials have beer
derived for both theX; and X, states. The hyperfine constants and their vibrational dependencies have been determined more
precisely and several of them have been determined for the first time. These are interpreted in terms of the electronic structure
of the molecule. The isotope relations among the constants have provided a means of decorrelating the electron spin—rotatior
constanty from the fine-structure centrifugal distortion constaky, and have allowed the first determination of an effective
value fory. © 2001 Academic Press

INTRODUCTION matrix isolation spectrum. Recent measurements ofAth¥
) ) ) ~spectrum with Fourier transform spectroscofy énd cavity
The importance of halogen monoxides®) in atmospheric (jngdown spectroscopyl() have confirmed that the predisso-

chemistry has been extensively documented, especially {igiion linewidths limit the effective resolution of the spectrun
participation ofXO species in catalytic ozone destruction Cyg, 1 oyt

cles (). Recent spectroscopic studies of CIO, BrO, and IO tpq gr5 ground electronic state has been characterized

have been driven largely by the need for accurate rem%tgnsiderably greater detail. Gas-phase ESR spettrald)

ls_|ensmg mt?]asurelm enlts of th?setmo:)?cglez :cn thehatrTOSphgﬁ%‘pure rotational spectra5-17 have been reported for the
owever, tne molecular constants obtaned from NIGN-resol-ory - state. McKellar 18) observed several lowtransitions

tion XQ spectra also provide detaﬂgd electrqmc struc_tu_re 0% the X,?TT X, T, 0—0 band using LMR spectroscopy
formation that may be correlated with chemical reactivity or . . . .

L ; and provided a direct measurement of the fine-structure int
used as a benchmark fab initio calculations 2, 3).

As is the case for all the halogen monoxides, BrO hasvgl’ Ao, as well as well as rotationali-doubling and some

single vacancy in @7 antibonding orbital. This gives rise to hyperfine constants for the,, v = 0 state. The fundamental

an inverted doublell ground electronic state. The flame emis\_/ibrational frequency of th, state has been obtained from
otationally resolved infrared spectra9, 20. Tamassia and

sion spectrum of thA—X system was first observed by Vaidyar
(4) and later by Coleman and GaydoB),(who proposed a Brown (21) havg observed the LMR spectrum of thg, v =
numbering scheme for the emission bands. High-resolutign® Pand. Until now, Ref.1g) and a photoelectron detach-
absorption spectra of BrO were first recorded by Durie affgent experimentd2) have been the only observations of the
Ramsay for theA, 2TT,,,—X,*I1,,, electronic transition in the X, state. An extenS|_ve summary of BrO spectroscopy prior |
near UV @). A later study by Barnetet al. (7) on ®Bro 1996 can be found in a review article by Cha28)( _
revised the vibrational numbering and provided additional Recent experiments in this laboratory have resulted in o
rovibrational characterization of both the ground and excit&grvations of the rotational spectra of vibrationally excited I(
electronic states. Loewenschussal. (8) had independently radicals in both theiX, “Il,, andX,’Il,,, states with internal

suggested the revised numbering based on an analysis of@Rgrgies to more than 8000 chor 40% of the I-O bond
dissociation energy2@). Methods similar to those used in the

Supplementary data for this article are available on IDEAL (http:/mwwlO experiments were found to produce BrO radicals in both tF
idealibrary.com) and as part of the Ohio State University Molecular Spectrdé; °I1,,, and X,°I1,,, states with internal energies up to 670C
copy Archives (http://msa.lib.ohio-state.edu/jmsa_hp.htm). cm . This study extends measurements of the pure rotatior

! Caltech Postdoctoral Scholar at JPL. . . .
2 NASA-NRC Resident Research Associate 1995-1997. Present addresg.pl.eCtrum of the Br(X, state to include vibrational levels up to

Physikalisches Institut, Universttau Koin, Zilpicher Str. 77, D-50937, ko, V = 8 and reports the first pure rotational spectra of Xhe
Germany. state, including vibrational levels up 0 = 7. In addition
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BrO ROTATIONAL SPECTRUM 129

rotational spectra of isotopically enriched'#, X,, v = 0, 1
and X,, v = 0 have been observed. The molecular Hamilto
nian used in the analysis follows the work of Broetal. (25), @\
so that the molecular parameters have well-defined mass and/org
nuclear moment dependencies. The spectra of the four isotopic™
species, **Br'**0, have been fitted with a single set of -2
isotopically independent spectroscopic constants. Parameterg
describing the deviation of the rotational constant from the g q
o0
3

Born—Oppenheimer approximatioBd) and the effective elec-
tron spin—rotation constant,, have been determined for the
first time. Interatomic potentials, equilibrium bond lengths, and
vibrational intervals have been determined for bothXheind

X, states. The vibrational intervals are in good agreement with
experiment for theX; state 7, 19—-2) and provide predictions

of the as yet unobserved vibrational spectrum of Xhestate.
The refined spectroscopic parameters have also improved the=
accuracy of calculations of the submillimeter and far-infrared e
rotational spectrum. The rotational spectra of the ground and S
first excited vibrational states have been placed in the JPL
Submillimeter, Millimeter, and Microwave Spectral Line Cat-
alog (27), which is available online at http://spec.jpl.nasa.gov. ¢

nits

Signal/
__
— -

EXPERIMENTAL

395400 395425 395450 395475

The spectrometer used in this work has been described in MHz
detail previously 28—30. Measurements were carried out in a
1-m-length, 7.3-cm-diameter, temperature-controlled glasg!G: 1 A single survey scan and 300 K simulation of tHBrO X;, J =

L . 31/2-29/2,AF = 1 transitions (left) and thé&'BrO X,, J = 31/2-29/2,

cell. A Zeeman coil is Wrapped around th(_a entire Ie_ngth of the_ 14-14doublet (right) showing near thermal equilibrium betweenXhe
cell. The vacuum pump which was used is an ordinary rotagfqx, states.
vane pump with a maximum throughput of 24 I/s. Spectra were
observed at room temperature in selected regions between 62
and 650 GHz. Transitions could be readily assigned on thee length of the sample cell. The cathode was a 10-cm-wit
basis of their distinctive hyperfine patterns as well as thdiollow electrode made of stainless steel shim stock that co
proximity to positions predicted on the basis of earlier workformed to the inside diameter of the sample cell. The mai

Bromine monoxide was produced by two methods. The firgalve to the vacuum pump in a sidearm at the opposite end
was similar to that described in Refl®q). O atoms were the cell served as the grounded anode. Approximately 5 mTc
generated by a microwave discharge througha@d mixed Br, and 70 mTorr @ were introduced through separate port:
with Br, in the sample cell. BrO production was optimized byear the cathode. Typical discharge conditions were mai
monitoring a strong spectral feature while adjusting the géamined at approximately 1300 V and 40 mA. The cell was kej
pressures. Similar results were obtained by addingdBectly near room temperature by passing methanol through its cooli
to the discharge. In general,, @ressures were in the vicinity jacket. The discharge caused some broadening oKth&tate
of 90 mTorr with no more thar=5 mTorr Br,. Pressures were rotational transitions due to their nearly first-order Stark effec
reduced to about 20 mTorr Qvhen necessary for improvedThis resulted in the blending of closely spacaedoublets
resolution. All pressures were measured at the exit of the cethose components are shifted slightly toward each other in
under flow conditions using a Baratron pressure sensor. Insofagak electric field. An example of the blending is shown ir
as could be determined, the BrO produced using an exterfa. 2, where the = 2, J = 33/2-31/ 2transitions are shown
microwave discharge was in thermal equilibrium with the wallor BrO generated by the two methods just described. Als
of the cell. This is shown in Fig. 1, where a wedlk = 0 apparent in the figure is the increase in signal-to-noise rat
doublet of theX; state and a group of transitions from tke (S/N) for excited state in the discharge since the trace for tl
state are compared with a simulation at 300 K. Under simildrermally populated BrO is the average of 13 scans compar
conditions iodine monoxide is formed by a chemiluminescetd two for BrO in the discharge. Although the excitation is les
reaction which produces nonthermal distributions of excited BrO than IO, the high excitation of both fine-structure level:
states. in the dc discharge is common to both molecules.

Excited states of BrO were generated in a dc discharge alongVeaker transitions, i.e., those with> 4 or AF = 0, were
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130 DROUIN ET AL.

, ' , e - TABLE 1
External Discharge | J's and v’s Included in the Data Set®

v J!
Bri0
0 3/2 5/2-9/2,19/2,23/2,31/2, 33/2, 39/2 - 43/2, 49/2, (51/2)
12 5/2,7/2,15/2,17/2,25/2, 3112, 33/2, 4172
1 32 5/2-9/2,25/2,31/2,33/2,41/2, 49/2
12 25/2,3312
2 32 25/2,332
12 (25/2),3312
332 252,332
12 252,332
‘ 4 32 25/2,332
DC Discharge 172 25/2,332
5 32 252,332

Signal/arb. units

% 172 25/2,33/2,35/2

= 6 312 25/2,33/2,35/2
= 12 352

e 7 3/2 25/2,33/2,352
= 172 352
= 8 312 3512

= Br'30

%0 0 312 27/2,35/2,37/2

172 27/2,35/2,37/12

1 372 27/2,35/2,37/2

672 674 676 678 680 682 684 686 2 All J's were observed for both Br isotopes except for those in parenthes

or underlined which were observed for orf8rO or BrO, respectively.

MHz from 415000

FIG. 2. Comparison ofX,, v = 2, J = 33/2-31/2transitions of BrO o o ) )
generated using an external microwave discharge (top) and an in-cell W@s observed. Transitions arising from states higher in ener

discharge. than X;, v = 8 andX,, v = 7 were searched for, but no
reasonable assignments could be made due to low S/N &
overlap with the numerous OBrO features which were ol
rved ubiquitously throughout the scanning. The OBrO tral
. . sitions were all easily identified following the work of Ner
staf?s were similar .S'nC.E(XZ’ v) © B(G, vt 1) =~ 240 et al. (30). It was found that excess Becould be used to titrate
cm 'T.hls 'S ShOV_V” n F.'g' 30“./ = 3. A monotonic decrease away most of the OBrO without significant change in BrC
of relative intensity for increasing energy of the lower Statesﬁgnal. A magnetic field was sometimes applied to shift OBr
lines with strong Zeeman effect away from BKQ features, all
7 —————————————————————— of which have weak Zeeman effect. However, residual OBr
PBrO "L, (v=4) ] caused significant interference with the weakest BrO feature
- 1 Transitions of BrO measured in a large magnetic field ar
I those showing blending of hyperfine components are weight
less in the data analysis. Table 1 showsdfseandv’s of the
rotational transitions observed in this study as well as sevel
transitions from our earlier papefly) which have been in-
cluded in the fit. In all, 731 features in the rotational spectrur
have been fitted with an rms of 37 kHz. These include 45
/ single lines, 277 unresolved pairs of lines, and two groups

r OBrO 1 three unresolved lines.

averaged over 8—10 scans to improve the S/N. Relative int
sities of the rotational transitions for the, v + 1 andX,, v

Signal/arb. units

— P — DATA ANALYSIS
309480 309490 309500 309510 309520

Frequency/MHz The data included in the analysis consist of the rotation
FIG.3. Comparison ol = 3, X, andv = 4, X, transitions observed in data obtained in this study, some measurements from c
a dc discharge. earlier study of theX, state, high-resolution infrared data of the
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FIG. 4. The interatomic potentials and vibrational levels for the BtO(solid outer curve) an&, states.

X, v = 1-0 band 19, 20, and calculated positions of tde= 9,=T,+ BN?—-D,N*+ HN®
1/2-3/2v = 0 X,—X, fine-structure transitions. In combining

2 4
the infrared data sets, 0.0009 cimwas subtracted from the + (L2[(A + Ao N*+ AN, LS.

la
diode—laser measurements of Bugtial. (19) to be consistent + yN-S+ (1/4)[(p, + pp,N?), (A2S_N_ [a]
with the calibration of Orlandet al. (20). The fine-structure ) - -
transitions were used to fix the valuesAy for the two main +AZS.NYJL — (a/2)(ASNZ + AZNY)

isotopes. These line positions were provided by Tamassia and

Brown (21) who recently measured the LMR spectrum of thehere

X, v = 2-0 band and fitted a merged data set which also

included the McKellar LMR datal@) of the fine-structure B,= > Y.(v+1/2)'
band, infrared data cited above, ang- 0, 1, and 2 rotational [

data provided by us. The uncertainty of the calculated transi-

tions has been chosen so that our calcul®gdalue has the D, =~ E Yia(v + 1/2)
same uncertainty as that obtained by Tamassia. The vibrational '
dependence of the spin—orbit coupling constanthas a very H = Yy [1b]
small effect on the fitted constants and was included in the fit

as a series of fixed parameters. The vibrational dependence wigg

determined from the derived potential functions for the two

state_s as descrik_)ed in the ne>$t section. Since the potenti_al Y= al,L,+ bel - S+ c(1,S,— | - SI3)
functions are derived from the fitted parameters, the determi- , ,
nation of the vibrational dependence Afinvolved a short + (1/2)d(AL1-S. + AZ1.S,) + Gl =N 1)
iterative proce_dure. Datg have been weighted invgrs_ely as the +[(eQq + N,SeQq) (312 — 1?)
square of their uncertainties. Calculated uncertainties of the
parameters are approximately-.1 +eQq(l; — 1)1[41(21 — 1)].
Although BrO is a very good example of a Hund'’s cagg (
molecule,A/B ~ —2280, theHamiltonian is the effective  An advantage of this Hamiltonian is that the various paran

Hamiltonian which was discussed by Brownal. (25). This is eters have well-defined isotope dependencies. This has allow
given in Eq. [1a]. The hyperfine Hamiltonian is given in Edfitting the spectra of all four isotopomers;*Br'**0, with a
[Lc]: single set of isotopically invariant parameters. Not shown i

Copyright © 2001 by Academic Press



132 DROUIN ET AL.

Eq. [1c] are the vibrational dependencies and centrifugal dispectra to highed has also resulted in a more precise detel

tortion terms. These will be discussed below. mination of the centrifugal distortion effects. The fit of all four
In Eq. [1b] theY,, are the Dunham coefficients given by isotopic species has allowed the first determination of an e
MAC,  mAB fective electron spin—rotation constantand also the deviation
Yin= M“*Z“)’ZULn(l + Vi ) [2] of the rotational constants from the Born—Oppenheimer a
o Br

proximation. The constants have been defined in the precedi

equations and are given in Table 2. Table 2 lists the deviatio

whereu is the reduced mass atd , is isotopically invariant. from the Born-Oppenheimer approximation as contributions:

This form has been discussed by Wats?8) (The exception to the “Br*°O rotational constant. From these one obtaligs=

the isotope relation ¥y, < u . —1.9630(39) and\s; = —1.124(48), which are of the order
Because we have determined a number of vibrational afgnitude expected for these consta26).(

centrifugal distortion terms for some of the constants, we haveBrown and Watson34) have shown that the spectroscopic

adopted a notation which we illustrate with the definitions Pparameter¥,, and the fine-structure constarts, can be used
to generate a set of Dunham constants for each state

1 |
A= lzo Aw(V * 2) [3a] Yii= Y= A2, [5]
| where the sum refers to thé,°I1.,, state and the difference
_ } refers to thex,I1,,, state. From th& , for each state, one can
Ao, =2 Ayl Vv+o]. [3b] ) : : |
‘ 2 use the Dunham relations to derive the internuclear potent
coefficients in the expansion
We define the isotope dependencies such that if an operator is
multiplied by an expression of the form V(&) = aéd(1+ > aé), [6]

i=1

1=0

Z (v + 1/2)'[N(N + 1)]", [4a]

whereé = (r. — r)/r.. Thea;’s can then be used to calculate
the Y}, and the vibrational intervals for each state. An accura
knowledge of the vibrational level spacing in each manifold i
required to determine the vibrational state dependence of t

fine-structure interval in the global fit since the fine-structur

where r contains the mass and/or nuclear moment isotoeg .
. . . ) nstant for each as given by Eq. [3a] may be represented b
dependence aof,,. These well-defined isotopic relations were 9 y Bq. [3a] may P '

fixed within the parameter input file for the program SPFIT Ay = Yio(?L,,) — Y o201y,
(31) and the independent parameters determined using global 1.0 Lo TTsr2 Lot T2
fits to all isotopic data. All of the fitted parameters are defined Ao = A+ Yio( A5, — Yio(%I1y,,). [7]
relative to “Br'°O using fixed ratios of the reduced masses,
quadrupole moments, and magnetic momeB®, 33. The Here A, is the isotopically independent value for the fine
output file from SPFIT which contains the input data, observegructure interval, and the isotopic dependence of the diffe
minus calculated frequencies, correlation coefficients, and pace inY?%, is small compared to experimental uncertainty.
rameters for all the isotopic species has been deposited with th&able 3 shows the Dunham constants, potential coefficien
Journal. and molecular constants derived from the fitted paramete
The potentials derived from these constants are plotted in F
RESULTS AND DISCUSSION 4. The difference between these potentials can be interpretec
Rotational and Fine-Structure Constants and the Interatomitc?e var_latlon OfA with internuclear distance. A nge—Sp_oner
Potentials plofc using t_he calculate¥ constan:[s of th&, stat_e predicts
a dissociation energ9 . of 20 530 cm*. Although this number
The present study greatly extends the high-resolution obsir-determined from only the rotational spectra of the groun
vations of BrOX?II; rovibrational states. By including,’Il,, and lowest eight excited vibrational states, it is in fair agree
rotational spectra up to = 8, X,’II,,, spectra up t&¢ = 7, as ment with the value of 19 686 140 cm* determined from
well as the previously unobservét?'Br*°0 in both itsX; and studies of theA—X system 9). A similar extrapolation for the
X, states in a global fit, we have been able to determine a ¥gtstate givesD. = 19 860 cm®, which is consistent with
of isotopically independent parameters which describe tbeth states dissociating to the same products.
equilibrium values and the vibrational dependencies of theNote that the bond length in th¢, state is 0.684 pm longer
rotation andA-doubling constants. Extension of the observetthan in theX, state.Y,, is 14.934 cm* lower for “Br*°0O in its

then

Zl,n o FM7(|+2n>/2, [4b]

Copyright © 2001 by Academic Press
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TABLE 3
TABLE 2 Potential Constants and Derived Parameters
BrO Molecular Parameters® Parameter X, 245 X, 2114 /o
Parameter Isotopic Ratio Value in MHz Qo /Cm—l 312 401.2 302 192.6
Yoo (3TLs ) — Yo (314 5) ot 118.124  a; ~3.39619 -3.40732
Ao p 2 447 683.800 as 7.20696 7.23028
Ao u;12 264796 g, ~13.48403 -13.52677
A0 w 4702 g, 23.84235 24.57892
Aao " 03, ~53.05816 6043129
vo("Brl®0, X state) N/A 21 687 307.38(110) ag 109.37615 168.49443
l/o(ngI'lGo, Xy state) N/A 21 642 720.96(108) YO»E)/CmAl 0.07716 0.07322
Uo1/pt pt 12834.9632(45) Y} /em ™! 732.88319 717.94966
Uo1 Afme /(M) (Mgrps)~! —0.1003(43)  yzx som—1 -4.64905 ~4.65785
Upr AGime/ (uMo) (Mop)~* —0.86410(170)  yr /oy —1 ~0.00769 ~0.00754
" ® —109.16430(102) ) 1 ~0.00058 —0.00058
Yor w2 —-0.19916(44) 40
Ya1 p5/2 ~0.013221(73)  re/pm 171.7249 172.4089
Yy x 10° Tt —0.3061(53)
Yoo w2 —0.01788462(121)
Yia x 10° u=5/2 —0.06602(184)
Yop % 102 5;’2 —4.14(74) X, state and the difference in, is calculated to be 14.951
))C?’Z X }86 "y 0 (;l%ﬁgl(gg cm *. A similar calculation based on only the rotational spectr
03 X K - of ClO (35) gives 3.319 crt, which compares favorably to the
ﬁiaz%%%% 0_51B1'60) N} A —29 2‘121;?941‘(22(11; experimental value of 3.277 crh(36). Comparable agreement
o -1 102.0377(40) 1S expected for BrO. Table 4 compares derived vibration:
Aq I 1.01746(72)  intervals with observed values. The agreement is quite goc
Ay -2 0.020852(200)  The vibrational contributions to the values Af are 7.4727
Az x 102 /f_“r)éz 0.6490(183)  and 7.4511 cmt for "Br**0 and®Br*°0, respectively. Were
iw z 186 ey 0'30968221(321%; A. entirely isotope independent, the magnitude of the measur
2 # » ' fine-structure interval of'Br**O would be 466.9 MHz larger
v ® 1 827_9(5177()6?2(2555; than that of°Br*®O. The actual difference is 453.0 MHz. In
11;?2 p=3/2 _1352437y comparing theA values reported in this work with others in the
Pao -2 —0.3314(100) literature, it should be noted that the values reported here
P30 < 103 pu5/? —3.31(91)  not include any contribution frory. The values ofA previ-
Po1 X 10§ __;2 —0.1320(280)  gysly reported differ from the ones reported hereybyvhich
p11 x 10 B, _Sgéggéz(gg; contributes a small isotope dependence. Thus, the magnitude
¢ H ' the effectiveA, of *Br'*®0 is ~13.9(24) MHz less than that of
ZOO IN 1 fﬂigéggg; Br'°0. This is about the same size as the isotopic depender
b;o gNgN 18.23(95y  Of the fine-structure constant in atomic Br but of opposite sig)
oo g —425.51(157) There are two measurements of the fine-structure transitic
cio gnp~/? 8.36(76)  of atomic Br near 3684 cim with the ®'Br transitions higher by
doo N g 849.44(70) 136" MHz (37) and 11.7(30) MHz 8). Because the effec
‘;(1)(1’ < 10° g;VNMu‘l f;sgggégg tive A in the molecule includes higher order terms which hav
c; anp-] 0.06780i64)  no direct counterpart in the atom and because the residl
eQq2 Q 862.48(47)
Q100 Q 658.676(83)
eQlqs Q —21.817(87) TABLE 4
eQq110 , Qu‘lf 4.348(111) Derived Vibrational Intervals for “Br**O
eQqro; X 10 Qu 1.693(247) N ST T
2 Except as noted, the parameters are f@r*°0. The parameters for the Derived Observed Derived
other isotopic species are determined using fixed mags gnd/or nuclear 1-0 723.557(30) 723.4107¢ 708.607(35)
moment ratios¥3). Parameters with N/A in the ratio column were determined 2 _ () 1437.730(60) 1437.4721°% 1407.813(70)

without using fixed ratios. The first five parameters were calculated from the
interatomic potential and were fixed during the fit.

® This work using data from Refs19, 20.
® From Ref. @1).
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134 DROUIN ET AL.

isotope effect has an experimental uncertainty which is signifalue of y by an amount that is larger than the calculate
icant compared to its magnitude, the agreement of the caleuncertainty iny. This is not incorporated into the fit, but the
lated and observed isotope shifts is quite satisfactory. Theluence of imperfect spatial overlap on the calculated value
remainder is very small compared to the magnituddoénd +y can be estimated. The quantity

is comparable to deviations from the Born—Oppenheimer ap-

proximation, i.e.]JA.my(M7s — Mgi)| = 5 MHz. At the level S, =(Q=3/2,v|[Q=1/2,v) [10]

of theory employed here, it is difficult to be certain that all

contributions of this magnitude are properly accounted fahay be calculated from the Dunham potentials describe
Any further interpretation of this effect is beyond the scope @fyove. Forv = 0, S,, = 0.99657. Theactual quantity

the present paper. determined is then
The spin—rotation constant, obtained directly from the fit
represents an effective parameter that has been defined by v =S0v* + 2B(1— Sy [11]

Brown et al.(25). The present analysis assumes thaaries as

w~*. The contribution ofy to each energy level is most readily, here v* is the constant for the hvpothetic — 1. The
described by considering the off-diagonal terfdll,,, W v yp ic8, =

SI°T] : Hund’ basis. Thi rix el tsecond term on the right-hand side of Eq. [11] contributes 92
vI] Juz v)ina und's cased) asis. S matrix element yayz and decreases the magnitude of the effectivderived
contains a term which is often written aB (— y/2)[(J +

3 712 . » from the fit by about that amount.

2(J — 2)] ™. The net result is that the fitting parameter The A-doubling constantg andq as well asy are often used
absorbs the contrlbuthns from all terms which vary.as and to deduce information on the excited states of diatomic mol
make the ternS—y/2 different fromB. Therefore, the value of cules. To second order, the expressions for these constants
v = 670.4(4.5) MHz should be interpreted cautiously. It is a

rather large parameter, but its effects on the observed spectrum CITIL, A28 )7 *|L_B|2IT)

are subtle. For a casa)(molecule, the apparent difference in p=-2> * . [12]
rotational constants of thé, andX, components of &Il state AE
is approximately
<2H|L+B| 22 i>2
B(X,) — B(Xp) =Ap+ 2(B— y/2)%(A—2B). [8] q= -2 E = AR [13]
The difference in the isotopic shift in this quantity as compared L
to one calculated withy = 0 is approximated by
= 4@ @
2yB Y=y +tv“7 [14]
A_og PP (9] L . o
wherey® is the dominant term and is given by
wherep is the ratio of the reduced mass of the reference species (IT|L A 25 =32 L B|2H)
to that of the isotopically substituted species. With respect to y@=> [15]

"Br*°0, this contribution is almost 50 kHz fafO substitution i A&

and 2.5 kHz for*'Br substitution. Although both these values
give easily measurable frequency shifts in the submillimet&quations [12] and [13] imply that/q ~ A/B. For “Br*°0,
region, and although the value gfderived from®Br substi  po/q = —2686(32) andA./Y,, = —2278, which suggests
tution alone is quite close to that derived from all four speciethat the single perturber approximation is fairly good for th
the change in rotational constant is small and may be contaXf{l, state. The positive value gb obtained from the fit
inated by effects not considered in the model Hamiltoniaimplies that " states dominate the sum in Eq. [12]. It alsc
Vibrational and centrifugal distortion correctionsydave not implies thaty ~ —p/2. For°Br**0,p/2 = 913.96 MHz,y =
been included in the fit. Those corrections are poorly deter670.5 MHz, andy* = —762 MHz. Considering the small
mined, do not improve the quality of the fit, and can benagnitude of the effect from whicl is derived, this is rea-
absorbed in the effective values of tAg,. The constany,,, by sonable agreement. The fact that the effectS.éfand 2~
analogy with similar constants, is expected to~&% of the states cancel in the expression forbut add fory, is further
magnitude ofy. Neglect of a constant of this size will notindication of one primary perturbing state. If only of¥" state
change the values of th ; enough to significantly affect theis responsible for most of the perturbation, then it is nes
Y*, calculated in Eq. [5] or the potentials derived from then27 500 cm*, very close to the\’Il; state 6—9. Amano @9)
The fact that the vibrational wavefunctions for theandX, performed a similar calculation for CIO and estimated that tf
states are slightly displaced from each other contributes to " state was almost coincident with t#€I1; in that mole
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cule. Both molecules show predissociation of #dl; state on the order of theA-doubling on theX, state (7) and is
due to the presence of as yet unobserved states. In the cadargest for the wealdF = 0 transitions. Its largest contribu-
CIO, Laneet al. (40) have reported calculations which showtions to splittings observed in this work are about 3 MHz. Th
the presence of numerous repulsive states, including seé®erafjuadrupole constants are also given in Table 2.

states near tha’Il; state. Recently Let al. (41) have carried  Using the definitions of the magnetic hyperfine and quadrt
out a theoretical study of the low-lying excited states of BrQole coupling constants

and also find repulsivé®" and®Y,~ states crossing thaIl,

state. a = 2g\BBn(1/r%),
Hyperfine Constants be = (87/3) ggnBBN¥*(0))s
The magnetic hyperfine constants determined in this study C = (3/2)geguBBN((3 cos'0 — 1)/1)s
are more complete and more precise than those previously d = (3/2) gegnBB(SIN20/1 3)g
determined. The main terms have been shown in Eq. [1c]. In 5
addition, linear vibrational dependencies afd, andc are eQq = eQ((3 cos'd — 1)/r?)y
included in the fit. These have been given in Table 2. No eQq = —3eQ(sin%0/r 3, [17]

vibrational dependence was included for the small and less

well-determined constan€, andb, although we note thatthe i s possible to determine the electron distribution in thi
vibrational dependence @f cannot be separated from that ofyolecule. In Eq. [17]. refers to the electrons responsible for
c. The nonaxial component of the nuclear spin—rotation Cofke orbital angular momentuns to those responsible for the
stantC; is too highly correlated with other constants to bgnin andT to all the electrons. It is important to remember
reliably determined and was excluded from the fit. Centrifuggpwever, that Eq. [17] defines the hyperfine constants in terr
distortion ofd is required to fit the spectrum. The centrifugabfasing|e averagH state. There is an implicit assumption tha
distortions of the other primary magnetic constants cannot §fase constants have identical values for bothXhand X,
reliably determined since they are strongly correlated With giates. Although this assumption probably becomes less va
andb: and cannot be decorrelated by their isotope effects. Thjs the spin—orbit coupling increases, it is not possible
results in small contributions to the effective valuespfand  yetermine changes in the individual magnetic constants exp

be. C, is the average of the effective nuclear spin—rotatiggentally. Thus, thea reported here is actually
constants for theX; and X, states. It contains a contribution

from the cen.trlfugal distortion cﬂ which may Iqwer thg value (Xl | X0) + (Xo|h_[Xo))
of the effectiveC, by several kilohertz. This is considerably = 5 ,
smaller tharC, and does not affect its interpretation. Although
all the parameters reported in Table 2 are determined in h o —a=< (b 2¢/3)/2. Similarly. b q
global fit, it is useful to think ofb. as derived from the wheren.. ;fa —é F + 20/3)/2. _|m|ar|y, lgF Zn ¢ l?re
difference in effective nuclear spin—rotation constants for t Xtebrmme /3r;)(m tT(:] same expectatlon \u;ta ue dp s we i.s
two states. This is given to second order by i|be — cf3| 2>'_ e magnetic consta produces signil
cant effects only in th&X, state. Changes in quadrupole eou

pling can be determined and seem to indicate that changes

[18]

2( B — 7) ( b — C) the magnetic hyperfine constants will not seriously affect the
C/(X,) — C(X,) = 2 [16] interpretation in terms of average constants. Meerts and D

| 1 | 2 E X) _ E(X ) . _ . .
(X2 1 manus 42) in a study of the\-doubling spectrum of NO derive

expressions for some of these differences.

or about 144 kHz. This may contain contributions of a few Table 5 compares the molecular expectation va{ues®),
kilohertz from centrifugal distortion on the quantitp{ + derived froma and(1/r®)s derived fromd + c/3 with those
2c/3) as well as small differences @, resulting from differ determined by the relativistic restricted Hartree—Fock calcul:
ences in the mixing of eack state with other electronic statestions of Lindgren and Rdsefor atomic Br 43) as well as those
Each kilohertz of change in the LHS of Eq. [16] contributesf Pyykkd and Wiesenfeld 44). Note that if one uses the
about 2 MHz to the effective value df:. appropriate atomic values fot/r®), and(1/r®sto determine

The quadrupole coupling constants include a term whichtise unpaired electron density on the Br atom, the resultir
in effect the difference between tig andX, state quadrupole densities are very nearly equal to each other. This is in contr:
coupling constants. These are fitted as the aveedgg and to the carbon monohalides for which the unpaired electrc
differenceeQaqs. Linear vibrational dependence and centrifudensity derived from the dipolar interaction is slightly lowel
gal distortion on the average value are included in the fit. Tiiean that derived from the interaction of the magnetic fiel
nonaxial quadrupole consta®Qaq, contributes to the splitting induced by the electron orbital motioA5—47. For CBr @7)
of the A-doublets. AlthougleQgq, is large, its contribution is the derived densities are approximately 17 and 22% wh
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TABLE 5 electron is a function of two radial integrals. Fairly genera

Parameters Derived from the Magnetic Hyperfine Constants® discussions and earlier references may be found in Ré&Bs. (
BrO  BrAtom® ° BrAtom® p° 49). Pyykkband Seth49) recently reported relativistic correc-

tion factors which are the ratios of the results of relativisti

-3 35. . 4 8.7 36. . , o .
é:Agis 33 g(l) 222 334 27 3 378 calculations of(r %) to those of nonrelativistic calculations.
( (0)2L> 0.109 05 ' 05 ' For a halogen atom, the coupling constafiq,,, is obtained
(sin? §) 0.8003 from the °P,, ground state and may be written

2r~% and y*(0) in m* X 107*. Unpaired electron densitp; in %. €Qthio= C; Q010 [19]

® Using calculated atomic values from Re43].

¢ Using calculated atomic values from Red4j. L. .
g I where NR refers to the nonrelativistic value a@d. is the

correction factor for g5, electron. In the molecule the cou

derived from the dipolar and orbital terms, respectively. Alsl?)IIng constant for (ws;) electron in the halogen is

of interest is the negative contact term predicted by the rela-

tivistic calculation. In the absence of other effects, the unpaired eQq3/2) = —C++eQ0how [20]
p electron should contribute abott39 MHz tob.. NBr (48), 2

for which the determination of the Fermi contact term is more

direct, hasb; = —10.97(52) MHz for N°Br. The positive and forp(,,)

value ofb; determined for°BrO, 18.23(95) MHz, may be due

to a very small amount (0.2%) of-orbital character, but (Ciy —4C,)eQ0uon
interpretation of effects of this size without a high-level rela- eQq1/2) = 6 : [21]
tivistic ab initio calculation is speculative. For a pupeelec-
o ~ o . _ .
tron (sin"6) = 0.8 andc = —d/2. Within experimental Un it yhe wo states have no other differences, and with an u

certainty, this condition is satisfied for BrO.

The nonaxial quadrupole coupling consta®q, results
from a noncylindrical distribution of electron density about the
molecular axis. If one assumes that the unpaired electron is A(Rel) =
entirely responsible for the asymmetgQq, may be calcu
lated from the fact that the(z*) orbitals have a single . ) . )
vacancy of which 37% is on the bromine atom. This leads to" light nuclei,C, . ~ C., ~ 1, and the difference is small.
calculated value 08Qq, = 854 MHz, which is very close to For a.heavy nuclgug, this dlffgrepce is significant. In additio
the experimental value of 862.5(47) MHz. Lindgren and Rosdhere is a change in interatomic distance betweeix{rendX,
(43) and Pyykkoand Seth49) have pointed out that the radialStates whlch may also mfluenc_e elgctron distribution and tt
integrals in the hyperfine constants shown in Eq. [17] are nif!d gradient. For the range of vibrational states that have be
identical. However, the effects are not large enough for Br ppserved, this change is almost linear with _rotatlonal consta
affect the conclusion that approximately the same unpair&€refore, the contribution to the change in quadrupole co
electron density can be derived from each of the couplif§nd due to structural changes has been estimated by

constants that depend upon it.

The change in quadrupole coupling with electronic state may
be attributable to several causes. As the spin—orbit coupling
becomes larger, th@ = 3 and? states may mix with other
states of the samé). For a very large spin—orbit coupling Table 6 compares the estimated and observed chang€xin
constant, a Hund’s case)(results in whichA andX are not It is quite large compared with the vibrational change. |
well defined and only) is used to identify the states. It isamounts to a 3.35% change froK, value which may be
understandable then, that the quadrupole couplings for the te@mpared with 0.43% for CIO and 10.5% for 1@4j.
states should be different. Although BrO is best thought of asThus, the relativistic and structural effects together do n
a cased) molecule, the contributions of casg) fype behavior entirely account for the change in quadrupole coupling. Th
to the hyperfine constants should be considered, but quantigaggests that differences in electronic structure may affect t
tive evaluation of these effects is difficult and has not beenagnetic hyperfine parameters as well, but that these diffe
undertaken here. ences are probably relatively small compared to the magr

A potentially important difference in quadrupole couplingudes of the constants with the exceptiorbef It has already
between theX; and X, states comes from a relativistic contri been mentioned that the definitions of the magnetic constar
bution. The electric field gradient at the nucleus due tp awhich were employed in the derivation of unpaired electro

paired electron density, on the halogen, we obtain

2p(Cy — C,)(eQaho)

3C,. [22]

A
A(Strug=eQq,, Y—i [23]
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TABLE 6
Calculated and Observed eQq, DifferencessMHz for the Halogen Oxides
Molecule eQqn10 Ci_” Cyy® Ps A(Rel)? A(Struc)® Total eQqs
Clo¢ 109.74 1.01459 1.00323 0.353 0.32 0.09 0.41 0.37(9)
BrO -769.76 1.08326 1.02831 0.370 -10.1 -4.0 -14.1 -21.82(9)
10¢ 229271 1.23463 1.08604 0.389 81.4 38.5 119.1 198.14(65)

® From Ref. 49).
® From Eq. [22].
¢ From Eq. [23].
¢ From Ref. 85).
®From Ref. @4).
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